Euptox A (9-oxo-10, 11-dehydroageraphorone), the main toxin isolated from Eupatorium adenophorum, is known to induce immunotoxicity in animals. However, the precise mechanism underlying the effects of Euptox A on splenocytes is unclear. Here, we aimed to investigate the molecular mechanisms underlying the effect of Euptox A in mouse spleens after its intragastric administration and found that Euptox A exhibits proautophagic effects in splenocytes. Euptox A markedly arrested the splenocytes in the G0/G1 phase, which was accompanied by inhibition of the expression of the positive regulators CDK4, CDK2, cyclin D1, PCNA, and E2F1, and promotion of the expression of the negative regulators p53, p21 Waf1/Cip1, p27 Kip1, and Chk1. We also found that Euptox A did not markedly induce splenocyte apoptosis, but induced autophagy while increasing the subcellular localization of punctate LC3, ratio of LC3-II/LC3-I, and Beclin 1 levels, and decreasing p62 levels. Euptox A also significantly inhibited p-PI3K, p-p38 MAPK, p-Akt, and p-mTOR expression, but increased PTEN and p-AMPK expression. These results indicated that Euptox A induced splenocyte autophagy by inhibiting the PI3K/Akt/mTOR pathway, suppressing p38 MAPK expression, and activating AMPK. These findings provide new insights into the mechanisms involved in spleen toxicity caused by Euptox A in mice. (J Histochem Cytochem 65:543-558, 2017) 
Introduction
Euptox A (9-oxo-10, 11-dehydroageraphorone), a cadenine sesquiterpene, is the main toxin extracted from Eupatorium adenophorum. 1 E. adenophorum is an invasive weed and an important destructive exotic species, representing a major threat to the economy and ecology of some regions of the world. A large number of reports have indicated that regular ingestion of E. adenophorum causes livestock poisoning. 2 Feeding goats E. adenophorum can cause goat spleen injury and induce apoptosis in a large number of cells in the spleen. 3 In addition, the intragastric administration of different concentrations of the E. adenophorum 722118J HCXXX10.1369/0022155417722118Euptox A induces G1 arrest and autophagyMo et al.
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extract results in obvious pathological changes in the mouse spleen such as white pulp atrophy and splenic nodule destruction. 4 Euptox A accounts for a large proportion of E. adenophorum toxins. 5 It not only significantly causes pathological changes in hepatic lobules and hepatocytes but also increases the spleen index of mice and induces immunotoxicity. 6 As the largest peripheral lymphoid tissue in the body, the spleen is of vital importance in immune function. 7 Therefore, it is necessary to study the mechanism underlying the toxicity of Euptox A in mouse spleens.
Autophagy is a complicated process through which damaged, dysfunctional, or superfluous organelles and proteins are degraded to maintain cellular metabolism, viability, and homeostasis. 8 Autophagy often occurs when tissues or cells are deprived of nutrition or exposed to stress. 9 The mTOR kinase plays a critical role in regulating autophagy progression, and diverse signaling pathways are involved in the regulation of mTOR signaling. These pathways include positive regulators of mTOR such as PI3K/Akt and p38 MAPK, which suppress autophagy, and negative regulators of mTOR such as AMPK and p53, which promote autophagy. 10, 11 Our hypothesis was that Euptox A inhibits growth and promotes the autophagy of splenocytes and thus causes spleen cell toxicity. Therefore, in the present study, we aimed to investigate the cytotoxic effects of Euptox A on splenocytes and to elucidate the possible mechanisms involved in Euptox A-induced splenic toxicity in mice. Our findings indicate that Euptox A exhibits splenic toxicity by inducing G1 arrest and autophagy through the p38 MAPK-and PI3K/Akt/mTOR-mediated pathways and that it has potential for use as an antitumor drug used to kill apoptosis-resistant cells.
Materials and Method
Extraction and Purification of Euptox A E. adenophorum was collected from Xichang City of Sichuan Province, Southwest China, in July, 2015. Fifty grams milled leaves were mixed with 100 ml water. The mixture contained Euptox A, coumarin, and gallotannic acid, and volatile oil was ultrasonic extracted by carbinol and hexyl acetate for 30 min at 40C. To separate Euptox A from the extraction, the sample was purified by silica column chromatography method and silica gel thin-layer chromatography and then used to analyze the existence of Euptox A in the final extraction. According to the high-performance liquid chromatography determination result, the purity of the toxin we had extracted was over 96%.
Animal Model
The animal model was established in accordance with several previous reports. 1 Adult mice (8 weeks, 25-30 g) were obtained from the animal experimental center of Sichuan Agricultural University. The animals were maintained in an air-conditioned room (22C ± 3C) on a 12-hr light/dark cycle with free water and food available. The animals were randomly divided into 4 groups with 18 animals in each group: control group and treatment groups. The control group received 0.9% normal saline, whereas treatment groups received 200, 400, and 800 mg/kg Euptox A via intragastric gavage daily for 30 days. 6, 12 After the experiment, mice were anesthetized with an overdose of chloral hydrate (10% solution) and sacrificed to obtain the spleen tissues. All methods were carried out in accordance with the approved guidelines and all animal experimental protocols were approved by the Animal Care and Use Committee of Sichuan Agricultural University, China.
Cell Cycle Detection Through Flow Cytometry
The spleens were immediately removed and minced using scissors to form a cell suspension that was filtered through a 300-mesh nylon screen. The cells were washed twice with cold phosphate-buffered saline (PBS; pH 7.2-7.4) and subsequently suspended in PBS (cat. no 51-66121E; BD Biosciences, San Jose, CA) at a concentration of 1 × 10 6 cells/ml. A total of 500 µl of the solution was transferred to a 5-ml culture tube, followed by centrifugation (200 × g). After the cell suspension was permeabilized with 1 ml of 0.25% Tritonx-100 for 20 min at 4C, the cells were washed with PBS, and 5µl of propidium iodide (PI; cat. no. 51-66211E; BD Biosciences) was subsequently added. The cells were then gently vortexed and incubated for 30 min at 4C in the dark. Finally, 500 µl of PBS was added to each tube, and the cell cycle phases were analyzed through flow cytometry (FCM; BD FACSCalibur; BD Biosciences) within 45 min.
Annexin-V/PI Apoptosis Detection by FCM
The spleens were immediately removed and minced using scissors to form a cell suspension that was filtered through a 300-mesh nylon screen, washed twice with cold PBS, and then suspended in cells in 1× binding buffer at a concentration of 1 × 10 6 cells/ml. Then 100 µl of the solution was transferred to a 5 ml culture tube, and 5 µl of Annexin V-fluorescein isothiocyanate (FITC) and 5 µl of PI was added to it. The cells were gently vortexed and incubated for 15 min at room temperature (25C) in the dark. Then 400 µl of 1× binding buffer was added to each tube and analyzed by FCM (BD FACSCalibur) within 1 hr.
Determination of DNA Fragmentation by Agarose Gel Electrophoresis
Both control and Euptox A administration splenocytes were collected and washed with PBS. DNA extraction was performed according to previous studies. 13 After dissolving in the Tris-EDTA buffer, DNA was subjected to 2% agarose gel electrophoresis for DNA fragmentation analysis.
Mitochondrial Membrane Potential Assay
The transmembrane potential, ΔΨm was analyzed using a JC-1 Mitochondrial Potential Detection Kit (Biotium Inc; Hayward, CA). The cell suspension was filtered through a 300-mesh nylon mesh, washed twice with cold PBS, and stained by 5,5′,6,6′-tetrachloro-1,1′,3,3′ tetraethylbenzimidazolcarbocyanine iodide (JC-1; Molecular Probes, Biotium Inc., Hayward, CA) in PBS for 15 min at room temperature in the dark, followed by flow cytometric analysis.
Transmission Electron Microscopy
The ultrastructure of splenocytes was observed by transmission electron microscopy (TEM). After the end of intragastric administration, the cell pellet was fixed with 40 g/l glutaraldehyde in 0.1 M sucrose with 0.2 M sodium cacodylate buffer (pH 7.4) overnight at 4C. Washed with sodium cacodylate buffer, the cells were re-fixed with 10 g/l osmium tetroxide for 1.5 hr. Following routine dehydration, epoxy resin embedding and ultrathin section, the specimens were stained with 20 g/l uranyl acetate-lead citrate and observed with an H700 transmission electron microscope (Hitachi; Tokyo, Japan).
Immunocytochemistry and Immunohistochemistry
For immunocytochemistry (IC), the splenocytes were fixed with 3% paraformaldehyde for 15 min at 37C. Next, the permeabilization step was carried out with chilled methanol (100%) for 10 min at −20C and then cells were incubated in a blocking solution containing 5% bovine serum albumin (BSA) and 1% Triton-X 100 for 1 hr at 37C. Primary antibodies were diluted in 5% BSA [rabbit pAb against LC3 (Abcam) at 1:1000 (Cell Signal Technology Inc., Beverly, MA)] and incubated for 2 hr at room temperature and then FITC-conjugated anti-rabbit IgG was added at 1:1000 dilutions for 1 hr at 37C. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (1 µg/ml) for 10 min at 37°C. Fluorescence images were captured by LSM 700 confocal laser scanning microscope (Carl Zeiss; Oberkochen, Germany).
The method of immunohistochemistry (IHC) was applied according to the report by Fang et al. 14 In brief, the spleen paraffin sections were dewaxed in xylene, rehydrated through a graded series of ethanol solutions, and washed in distilled water, and the PBS and endogenous peroxidase activity was blocked by incubation with 3% H 2 O 2 in methanol for 15 min to quench endogenous peroxidase activity. The sections were treated with microwave heating for 15 min in a 0.01 M, pH 6.0, sodium citrate buffer to facilitate antigen retrieval. The sections were saturated with normal 10% goat sera for 30 min and then incubated for 17 hr at 4C with primary rabbit antibodies [anti-p-mTOR (Ser2448; 1:20), anti-p-Akt (Ser473; 1:25), anti-p-PI3K (1:25), anti-LC3 (1:100), anti-p-62(1:100), anti-PTEN (1:100)]. After washing in PBS, the sections were incubated with 1% biotinylated goat anti-rabbit IgG secondary antibody (Cell Signal Technology Inc.) for 1 hr at 37C, and then the strept avidin-1 biotin complex (Cell Signal Technology Inc.) was applied for 30 min at 37C. To visualize the immunoreaction, sections were immersed in diaminobenzidine hydrochloride (Cell Signal Technology Inc.). Finally, the sections were lightly counterstained with hematoxylin, dehydrated in ethanol, cleared in xylene, and mounted. Negative controls for the specificity of immunohistochemical reactions were performed by replacing the primary antibody with IgG of nonimmunized rabbit. Then the images were acquired with a digital microscope camera system (Nikon DS-Ri1; Nikon, Japan).
Western Blot Analysis
Splenocytes were harvested and washed with ice-cold PBS, then lysed with the ice-cold radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology; Beijing, China) with 1 mmol/l phenylmethylsulfonyl fluoride. Protein concentrations were calculated by BCA assay kits (Pierce; Rockford, IL). In all, 20 µg of total cellular protein was subjected to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore; Atlanta, GA). The membranes were blocked with 5% defatted milk powder at room temperature for 1 hr and then immunoblotting was performed with the diluted (1:1000) primary antibodies (see Table 1 ) at 4C overnight, followed by horseradish peroxidase-conjugated secondary antibodies (dilution: 1:5000) at room temperature for 1 hr. Following each step, the membranes were washed five times with PBS-Tween 20 for 3 min. Finally, the blots were developed using the enhanced chemiluminescence system.
Statistical Analysis
All data are expressed as the means ± SD of three independent experiments. Statistical analyses were performed to compare the experimental groups with the control group through one-way analysis of variance (ANOVA), followed by the Tukey-Kramer multiple comparison test with an equal sample size. All statistical analyses were performed using a commercially available statistical software package (SPSS18.0; SPSS Inc., Chicago, IL).
Results

Euptox A Induces G1 Arrest in Splenocytes
After intragastric administration of Euptox A, we examined its effect on the cell cycle distribution of splenocytes using FCM and found that the proportion of splenocytes in the G1 phase was remarkably increased in the treatment groups. As shown in Fig. 1A and B, the G 0 /G 1 phase ratio of cells significantly increased from 52% (control) to 62.3%, 84.9%, and 85.6% in the groups treated with 200, 400, and 800 mg/kg/day of Euptox A, respectively. Consistent with this result, a slight decrease in the number of S phase cells and the G 2 /M phase ration of cells was also observed. These data suggested that Euptox A inhibited splenocyte growth in the mice through the inhibition of the G1 to S phase transition in the cell cycle.
Euptox A Induces G1 Arrest by Modulating Key Cell Cycle Regulators
To investigate the mechanism underlying the Euptox A-induced cell cycle arrest, western blotting was used to examine the expression of key cell cycle regulating proteins-p53, p21 Waf1/Cip1, CDK2, CDK4, cyclin D1, p27 Kip1, Chk1, PCNA, and E2F1-in the mouse splenocytes. As shown in Fig. 2 , Euptox A significantly inhibited the expression of the positive regulators of mTOR in the splenocytes: the expression of CDK4, CDK2, cyclin D1, PCNA, and E2F1 was reduced in a dose-dependent manner. Compared with the control group, the group treated with 800 mg/kg/day of Euptox A showed a 32.4% and 38.5% decrease in the expression level of CDK4 and cyclin D1 ( Fig. 2A and B) , respectively. CDK2 expression was also decreased by 28.5% and 30.7% in the groups treated with 400 and 800 mg/kg/day Euptox A ( Fig. 2A and B) , respectively, and the level of PCNA was decreased by 31.5% and 41.5% ( Fig. 2A and B) , respectively. E2F1 expression was decreased by 28.0%, 45.4%, and 48.7% in the groups treated with Euptox A at concentrations of 200, 400, and 800 mg/kg/day, respectively ( Fig. 2A and B) . However, the expression of the negative regulators of cell cycle progression was significantly increased in a dose-dependent manner in the treatment groups. Compared with the control group, the groups treated with 200, 400, and 800 mg/kg/day Euptox A showed a 1.8-, 2.23-, and 3.6-fold increase in p53 expression ( Fig. 2A and B) , respectively. Similarly, the groups treated with 400 and 800 mg/kg/day of Euptox A showed a 2.61-and 4.59-fold increase and 2.65-and 4.23-fold increase in the levels of p21 Waf1/Cip1 and p27 Kip1 ( Fig. 2A and B) , respectively. The administration of Euptox A at 200, 400, and 800 mg/kg/day resulted in a 2.95-, 3.19-, and 4.02-fold increase in CHK1 expression ( Fig. 2A and B) . Taken together, these results suggested that Euptox A caused the G1 arrest of splenocytes by decreasing the expression of CDK4, CDK2, cyclin D1, PCNA, and E2F1 and increasing the expression of p53, p21 Waf1/Cip1, p27 Kip1, and Chk1.
Euptox A Did Not Induce Apoptosis
To further test the toxicity of Euptox A in the splenocytes, the effect of Euptox A on programmed cell death was examined. We first examined the apoptosis-inducing effect of Euptox A in the splenocytes by flow cytometric analysis. As shown in Fig. 3A , there was no significant change in the percentage of apoptotic splenocytes with increasing dose of Euptox A. Then, we examined ΔΨm and DNA fragmentation by FCM and agarose gel electrophoresis, respectively, but could not observe a decrease in ΔΨm and the DNA ladder ( Fig. 3B ). Moreover, we measured poly(ADP-ribose) polymerase (PARP), caspase-3, and Bax expression via western blotting and found that Euptox A did not induce any marked change in the expression of these proteins (Fig. 3C ). These results indicated Euptox A did not induce apoptosis in the splenocytes.
Euptox A Triggered Autophagy in the Splenocytes
To confirm autophagy induction by Euptox A, LC3 immunostaining, DAPI, and TEM were conducted to detect autophagy. As shown in Fig. 4A , in the experimental groups, the results of LC3-II immunostaining showed that Euptox A promoted subcellular localization of punctate LC3-II and the LC3-II puncta formation was increased in the splenocytes. In addition, characteristic ultrastructural morphology representative of autophagy was also observed by TEM; the untreated cells had normal nuclei, cytoplasm, and organelles, whereas the Euptox A-treated cells showed a high number of autophagosomes of various sizes (Fig. 4A) . We further measured changes in the expression of three major autophagy-related markers (LC3, Beclin 1, and P62) using western blotting and found that Beclin 1 and LC3-II were significantly upregulated, but LC3-I and P62 were markedly downregulated in the treatment groups (Fig. 4B) . These results indicated that autophagy was triggered in the splenocytes after Euptox A treatment.
Euptox A Decreased the Activation of PI3K/AKT/ mTOR Signal and Increased Autophagy in the Splenocytes
To further confirm that Euptox A induced autophagy in the splenocytes, we performed histochemical analyses to evaluate the effect of Euptox A treatment on the level of autophagy and the activation of PI3K/AKT/ mTOR signals in both the control and the Euptox A-treated cells. As shown in Fig. 5 , Euptox A inhibited the expression of p-PI3K, p-AKT, and p-mTOR, but increased the expression of PTEN. Moreover, it upregulated the expression of the autophagy-related protein LC3-II and downregulated the autophagy substrate, p62 (Fig. 5 ). Together, these results suggested Euptox A induces autophagy in splenocytes by inhibiting PTEN/AKT/mTOR signaling.
Euptox A Induces Autophagy by Regulating the PI3K/Akt/mTOR Axis, and the AMPK and p38 MAPK Signaling Pathways in Splenocytes
After confirming that Euptox A induced autophagy in the splenocytes, we tried to elucidate the mechanisms underlying the Euptox A-induced autophagy. To this end, we tested the phosphorylation levels of PI3K, p38 MAPK, and AMPK by western blotting. These proteins are the upstream signaling molecules of the protein kinase B (Akt)/mammalian target of rapamycin (mTOR) pathway, which plays an important role in the regulation of autophagy. 8, 15 As shown in Fig. 5 , Euptox A decreased the phosphorylation level of PI3K and p38 MAPK but increased the expression of total PI3K and p38 MAPK. Moreover, treatment with Euptox A at concentrations of 200, 400, and 800 mg/kg/day resulted in a 14.0%, 11.2%, and 53.2% decrease in the p-PI3K/PI3K ratio ( Fig. 6A and B) , respectively, and a 31.2%,71.2%, and 71.3% decrease in the p-p38/p38 ratio ( Fig. 6A and B ). Euptox A also increased the level of p-AMPK and reduced the level of AMPK, which resulted in an increase in the p-AMPK/AMPK ratio. The p-AMPK/ AMPK ratio was increased by 1.4-, 4.0-, and 5.6-fold on treatment with Euptox A at concentrations of 200, 400, and 800 mg/kg/day, respectively ( Fig. 6A and B) . Akt is a downstream effector of PI3K, which is an upstream regulator of mTORC1, whereas p70 S6 kinase (P70S6K) and 4E binding protein 1 (4EBP1) are the downstream substrates of mTORC1. On measuring the levels of these proteins, we found that there was a concentration-dependent decline in the phosphorylation levels of Akt with Euptox A treatment, but the expression of total Akt was not significantly altered ( Fig.  6A and B) . Compared with the control group, the groups treated with 200, 400, and 800 mg/kg/day of Euptox A showed a 1.1%, 36.5%, and 57.5% decrease in the p-Akt/Akt ratio, respectively ( Fig. 6A and B) . We then evaluated the phosphorylation levels of mTOR at Ser2448 after Euptox A treatment and found that Euptox A obviously decreased the phosphorylation level of mTORC1 as well as the phosphorylation levels of its downstream effectors including p70S6K and 4EBP1 ( Fig. 6A and B) ; this result indicated that the activity of the mTORC1 pathway was dramatically reduced on Euptox A treatment. PTEN is a negative regulator of the Akt/mTOR and MAPK signaling pathways, which play a key role in cell death. 16 In this study, we found that Euptox A significantly increased the expression of PTEN ( Fig. 6A and B) . Together, these findings suggested that Euptox A induced splenocyte autophagy by inhibiting the PI3K/Akt/mTOR and p38 MAPK pathways and by suppressing AMPK activation.
Discussion
Euptox A is the main component in E. adenophorum and induces diarrhea or even death of livestock. 17, 18 Euptox A has been found to show hepatotoxicity in rats 19 and immunotoxicity in mice. 6 Therefore, in this study, we aimed to explore the mechanisms underlying the effects of Euptox A on mouse splenocytes. Cell cycle control is a major regulatory mechanism in the process of cell growth, and many cytotoxic substances cause cell death by cell cycle arrest at the G0/ G1, S, or G2/M phases. 20, 21 The binding of activated CDK4/6 to cyclin D1 leads to its dissociation from the E2F complex and promotes entry into the S phase of the cell cycle. 20 The inhibition of cyclin D1 can induce G1 phase arrest and can result in apoptosis or autophagy. 22, 23 Besides, the association of CDK2 with cyclin E/A regulates the G1/S transition and modulates cellular events in the S phase. 24 There are also many other upstream regulators that alter the activity of the CDK4/6-cyclin D1 complex. p53 is a critical tumor suppressor and a positive regulator of cell cycle arrest. 25 Generally, G1 DNA damage or chromosomal instability promotes the phosphorylation of p53, thus activating the transcriptional ability of p53. p53 then downregulates p21, which binds to and inhibits PCNA, ultimately serving to inactivate the CDK4/6-cyclin D1 complex and suppressing G1/S transition. 26, 27 In this study, we found that the splenocytes were marked arrested in the G1 phase; this result is consistent with that observed previously on feeding goats with whole grass of E. adenophorum. 3 We then examined the levels of the key regulators of cell cycle checkpoints including CDK2, CDK4, cyclin D1, E2F1, p53, p21, and PCNA in the splenocytes. p53 and p21 expressions were significantly increased, and CDK2, CDK4, E2F1, and PCNA expressions were remarkably decreased in the splenocytes on treatment with Euptox A. In addition, other key factors such as p27 Kip1 and Chk1 also play important roles in the regulation of the cell cycle. As a proliferation inhibitor, p27 Kip1 prevents G1/S phase transition by binding to and suppressing CDK2 activity. 28 Chk1 acts as a DNA damage checkpoint signaling protein and has been reported to induce G1 phase arrest by inhibiting Cdc25A activity. 29 In the present study, we found that treatment with Euptox A markedly increased the p27 Kip1 and Chk1 levels in the splenocytes. Collectively, these results suggested that Euptox A treatment arrested the splenocytes at the G1 phase by upregulating the expression of the antiproliferative regulators P53, P21, p27 Kip1, and Chk1 and inhibiting the expression of the pro-proliferative modulators CDK2, CDK4, cyclin D1, PCNA, and E2F1.
Autophagy is a self-digestive process that allows the elimination of toxic metabolites, intracellular pathogens, and damaged proteins and organelles, thus making energy and amino acids necessary for vital functions during metabolic stress. Regular organization needs high biosynthetic activity, which requires cellular basal autophagy. 30 Nevertheless, excessive autophagy can destroy and directly lead to cell death. 31 In this study, Euptox A induced splenic toxicity, which was reflected by autophagy. We used immunostaining and immunohistochemistry to detect the localization of punctate LC3, p62, and TEM to observe the autophagosomes using previously described methods. 32 The increased subcellular localization of punctate LC3 and p62, and the existence of autophagosomes in the present study confirmed that Euptox A induces autophagosome formation in the splenocytes. Beclin 1 and LC3-II are the two specific markers of autophagy, and both of them are closely involved in autophagic processes. 33 In our study, the changes in the p62, LC3-II, and Beclin 1 levels proved that Euptox A induced autophagy without interfering with autophagic flux in the splenocytes. Generally, autophagy and apoptosis occur through similar regulatory pathways and even share initiator and effector molecules. Autophagy and apoptosis can cooperate in a balanced interplay to allow cells to decide which route to take, thus influencing the fate of the cell. 34 The occurrence of autophagy is usually accompanied by apoptosis. 35 However, in this study, FCM, DNA ladder, and western blotting assays showed that Euptox A did not induce splenocyte apoptosis in the mice. Together, our results indicated that the mechanism of action of Euptox A in the splenocytes did not involve apoptosis. However, the result is inconsistent with the observations made in a previous study in goats fed E. adenophorum. This difference in the results may be because the excessive autophagy in our study resulted in the removal of damaged debris or denatured subcellular constituents and eliminated damaged organelles and dangerous pathogens, which are proapoptotic factors; moreover, the degradation of damaged mitochondria blocks apoptotic pathways by preventing mitochondrial outer membrane permeabilization and the subsequent release of pro-apoptotic molecules such as cytochrome c and Smac/Diablo. 36 In our study, we also found that caspase-3 and PARP were not activated, which might be another reason why Euptox A did not induce apoptosis. When the tissues of animals are exposed to environmental toxins, apoptosis occurs and causes tissue damage. 37, 38 In our study, we did not find a large number of apoptotic cells among the splenocytes, but found a large number of autophagocytes. Such occurrence of autophagy and inhibition of apoptosis has been observed previously in some other similar studies. For example, Yu Jinhua et al. found that pseudolaric acid B could induce the apoptosis of mouse fibrosarcoma and inhibit apoptosis. 39 In addition, Chao Nie et al. showed that procyanidins can induce autophagy in human gastric cancer cells but do not induce apoptosis. 40 In addition, Liao Fei showed that Euptox A has good antitumor activity. 41 Based on these data, we believe that Euptox A has the potential for use as a drug that promotes autophagy (similar to temozolomide) to kill apoptosis-resistant tumor cells by autophagic death. However, the interplay between apoptosis and autophagy in splenocytes subjected to Euptox A is still not clear. Further studies are needed to fully elucidate the relationship between apoptosis and autophagy.
The PI3K/Akt/mTOR signaling pathway is a central pathway that plays a role in autophagy through the regulation of cell growth, motility, protein synthesis, cell metabolism, cell survival, and cell death in response to various stimuli. 42 In general, Akt phosphorylation is upregulated following the activation of PI3K, and mTOR can then integrate upstream activating signals through the PI3K/Akt pathway and become phosphorylated to inhibit autophagy. 43 In our study, we found that Euptox A downregulated the phosphorylation level of PI3K, Akt, mTOR, and p38 MAPK, while promoting the expression of PTEN, which is a negative regulator of the PI3K/Akt/ mTOR pathway. Euptox A also promoted autophagy via the activation of AMPK, which is one of the main mTOR regulators and can directly communicate with mTORC1 by phosphorylating raptor, resulting in 14-3-3 binding and the allosteric inhibition of mTORC1. 44 These findings suggest that Euptox A-induced autophagy occurs via suppression of the PI3K/Akt/mTOR and p38 MAPK signaling pathways and the activation of the AMPK signaling pathway.
Previous studies have shown that autophagy is most active in the G0/G1 phases of the cell cycle and that autophagy can regulate cell proliferation by contributing to cell cycle arrest. 45 Specific regulators of the cell cycle have also been shown to affect autophagy; for example, CDK1 and p27 overexpression is sufficient to induce autophagy. 46 Therefore, we speculate that Euptox A-induced autophagy indirectly inhibits the proliferation of splenocytes by regulating cell cycle arrest. However, further studies are needed to clarify this hypothesis.
In conclusion, the results of the present study showed that Euptox A induces G1 arrest in splenocytes and promotes autophagy by activating PTEN and AMPK and inhibiting the PI3K/Akt/mTOR and p38 MAPK signaling pathways. These findings provide new insights into the mechanisms underlying Euptox A-induced splenic toxicity in mice. Moreover, our finding indicating that Euptox A induces autophagy without inducing apoptosis suggests its potential for use as a drug to kill apoptosis-resistant tumor cells. Obviously, there is still much for us to unveil the complete mechanisms underlying Euptox A-caused growth inhibition and splenocyte autophagy.
